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FOREWORD

The Energy Efficient Engine Component Development and Integration Program is
being conducted under parallel National Aeronautics and Space Administration
(NASA) contracts by Pratt & Whitney, Engineering Division, and the General
Electric Company. The overall project is under the direction of Mr. Carl C.
Ciepluch, The Pratt & Whitney effort is being conducted under Contract
NAS3-20646, and Mr. Frank Berkopec is the NASA Project Engineer responsible
for the portion of the contract described in this report. Mr. David E. Gray
is the Manager of the Energy Efficient Engine Project at Pratt & Whitney.
This report was prepared by Mr. John W. Bisset and Mr. David C. Howe.
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SECTION 1.6
SUMMARY

The NASA-sponsored Energy Efficient Engine program is being conducted by Pratt
& Whitney to develop and demonstrate an advanced technology base for a new
generation of fuel-efficient engines designed for use in future commercial
transport aircraft.

This report details results evolving from the final analysis and design of the
flight propulsion system, as conducted under Task 1 of the Energy Efficient
Engine program. This effort was undertaker to evaluate and confirm flight
propulsion system design criteria and define performance potential compared to
the following NASA-established design goals relative to the JT9D-7A reference
engine.

] 12 percent minimum reduction in cruise thrust specific fuel
consumption

0 5 percent minimum reduction in direct operating cost

0 50 percent less performance detericration

0 meet rederal Aviation Regulation Part 36 (1978) noise rules and
EPA-proposed 1981 exhaust emissions standards

Successful completion of this Task 1 effort included detailed design analyses
(supported by component technology programs) of test hardware required for the
integrated core/low spool, the test vehicle used to simulate the aero-
thermal-mechanical characteristics of the flight propulsion system. Results
from the completed evaluation indicate that the flight propulsion system, as
designed, is capable of meeting 11 design goals with one excaption: the
EPA-proposed 1981 emissions standard for oxides of nitrogen. Cruise thrust
specific fuel consumption is estimated to be 15 percent lower than that of the
JTID-7A reference engine, which surpasses the NASA design goal of 12 percent.
Economic analyses, which have been updated for fuel price and 1980 year-
dollars, show a current direct operating cost reduction of 11.3 percent. This
far exceeds the NASA desian goal of a 5 percent reduction. Program detailed
design and test efforts have reinforced an estimated performance deterioration
rate one-half that of the JT9D-7A, which meets the NASA goal. An updated
noise calculation for a fully treated nacelle indicates the potential of sur-
passing the 1978 noise rules in future domestic and international aircraft.
Reassessment of exhaust emissions indicates Environmental Protection Agency
Parameter estimates fall below proposed 1981 carbon monoxide and unburned
hydrocarbon level design goals. However, program experience continues to con-
firm estimates that nitrogen oxide emissions will exceed the 1981 regulations
by over 40 percent. The Society of Automotive Engineers smoke level estimate
of 4 surpasses the design goal level of 20.
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This report also presents information detailing the salient results from a
study cconducted under Task | of the Energy Efficient Engine program to define
a turbofan propulsion system, known as the maximum efficiency engine, which
incorporates a reoptimization of the fuel saving technologies for improved fuei
economy and direct operating costs relative to the flight propulsion system.
This engine will be used as a basis for determining the full performance po-
tential of the Energy Efficient Engine technology. With the dominant influence
of fuel costs affecting current airline operating economics, this engine was
defined to provide an estimated improvement of five percent in cruise thrust
specific fuel consumption (TSFC) compared to the flight propulsion system.
Performance improvement changes for the maximum efficiency engine, as compared
to the flight propulsion system, include a three-inch larger fan, two addi-
tional turbine stages, a more tightly gapped compressor and & simpler, one-
stage comoustor. This propulsion system is aimed at providing excellent fuel
efficiency and operating economics while meeting currently projected environ-
mental regulations.



SECTION 2.0
INTRODUCTION

The National Aeronautics and Space Administration (NASA) has the objective of
improving the energy efficiency of future United States commercial aircraft so
that substantial savings in fuel can be realized. One of the elements of the
overall technology plan devised to attain this objective is the Energy
Efficient Engine. Through the evolutionary extension of the current technology
base, the Energy Efficient Engine program is designed to develop and demon-
strate the technology for achieving higher thermodynamic and propulsive effi-
ciencies in future environmentally acceptable turbofan engines. It is esti-
mated that these improvements in turbofan engines will initially result in a
ten to fifteen percent lower specific fuel consumption as compared to the cur-
rent JT9D-7A commercial engine.

The Energy Efficient Engine Component Development and Integration Program,
which is based on the results of the Energy Efficient Engine Preliminary Design
and Integration Studies (NASA contract NAS3-20628), will develop the component
technology to achieve the National Aeronautics and Space Administration goals
of at least a 12 percent reduction in cruise thrust specific fuel consumption,
a 5 percent reduction in direct operating cost and 50 percent less performance
deterioration. In addition, FAR Part 36 (1978) noise rules and EPA-proposed
1981 exhaust emissions standards must be met.

The Erergy Efficient Engine program consists of the following two tasks de-
signed to meet these program objectives.

Task 1 - Flight Propulsion System Analysis, Design, and Integration
Task 2 - Component Analysis, Design, and Development

Under Task 1, final design of the conceptual study engine, known as the flight
propulsion system, was defined based on results of the Energy Efficient Engine
Preliminary Design and Integration studies (NAS3-20628). Component analysis
and design work was conducted under Task 2.

The flight propulsion system reflects a dual spocl, direct drive, mixed exhaust
configuration. A short, stiff high rotor and a single-stage high-pressure
turbine are among the major features in prov.ding both performance retention
and major reductions in maintenance and direct operating costs. Improved
active clearance control in the high-pressure compressor and high-pressure
turbine along with incorporation of advanced single crystal turbine blades and
vanes are among the major features contributing to performance improvement.
In addition to design definition, an analytical evaluation was performed under
Task 1, with assistance from airframe company subcontractors to provide flight
and economic performance characteristics of future commercial aircraft using
Energy Efficient Engine propulsion systems.
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This report details results that evolved from the final analysis and design
update of the flight propulsion system, as conducted under Task 1 of the
Energy Efficient Engine program. The design effort included a final definition
of the engine, major components, internal subsystems, and nacelle. Various
analytical representations and results from component technology programs were
used to verify aerodynamic and structural design concepts and to predict per-
formance. Also presented in this report is information detailing salient re-
sults from a separate study conducted under Task 1 to define a turbofan pro-
pulsion system known as the maximum efficiency engine. The study intent was
to optimize the fuel savings technology developed in the Energy Efficient
Engine program for improved fuel economy and direct operating costs relative
to the flight propulsion system. Technology developed under both efforts is
projected for the 1988 time period.

An overall description of the flight propulsion system along with a detailed
discussion concerning final analysis and design of individual engine compo-
nents and subsystems are provided in Sections 3.0 and 4.0. Section 4.0 also
presents performance design goals and operating economic data based on instal-
lation of the updated flight propulsion system into future commercial air-
craft. Section 5.0 provides a detailed discussion concerning preliminary
analysis and design of individual components for the maximum efficiency engine
designed to represent full performance potential with Energy Efficient Engine
technology.
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SECTION 3.0
OVERVIEW OF DESIGN

Task 1 of the Energy Efficient Engine Component Development and Integration
Program was devoted to the preliminary design, evaluation and update of an
Energy Efficient Engine flight propulsion system. A flight engine preliminary
design is necessary to 1) identify the areas of new technology required to es-
tablish the technology base, 2) evaluate the configuration's operating econom-
ics, and 3) serve as a benchmark by which component and overall system per-
formance wnay be measured and tracked throughout the program,

As other tasks in the Energy Efficient Engine program progressed, overall
flight propulsion system performance was tracked under Task 1 to reflect
results from these completed program elements with periodic flight propulsion
system status updates. The final update detailed in this report incorporates
all of the program analytical and test results into an updated flight propul-
sion system design.

Performance and design of the flight propulsion system are consistent with
standard commercial aircraft engine practice and with applicable Federal
Aviation Administraticn and Environmental Protection Agency regulations.

There is no intention on the part of NASA to carry the flight propulsion system
preliminary design through into prototype, development, or production programs.
The intent of Task 1 was solely to provide a focus for the technology needed
by the engine manufacturer to initiate design and development of an energy
efficient conmercial engine with only the usual and normal business risk.

The following presents a brief explanation of the flight propulsion system by
describing the systems's basic design features, overall cycle definition and
performance status relative to program goals.

3.1 Flight Propulsion System Description

The flight propulsion system, shown in Figure 1, is configured for a balance
of fuel efficiency, lower operating economics and environmental acceptability
using advances in aerndynamics, materials/cooling techniques and structure-
mechanics. Inlet air is channeled to conventional solid, shrouded fan blades
by the inlet duct and spinner. Eighty-seven percent of the fan discharge air
is ducted around the outside of the close-coupled flow splitter. The remaining
air is further supercharged when it enters a four-stage low-pressure compressor
which forces the air inward within a curved flowpath. The smaller diameter,
10-stage high-pressure compressor increases the pressure to provide a design
overall pressure ratio of 38.6:1. Compressor exit flow is turned radially out-
ward through the exit guide vanes and curved wall pre-diffuser to direct air
into the combustion zones. The outwardly canted combustor, which has two inde-
pendent fuel supply manifold systems and combustion zones for low emissions,
feeds hot gases directly into a one-stage, air-cooled high-pressure turbine
which drives the high-pressure compressor.
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The discharge gases are decelerated and turned slightly outward to be further
expanded through a four-.tage low-pressure turbine which drives the fan and
low-pressure compressor. The core exhaust and the fan duct air are mixed by
means of lobed chutes positioned around a large diameter central tailplug.

The nacelle was designed to share flight loads, serve as an aerodynamic shell
around the engine, provide access to the engine, absorb noise, and provide
thrust reverse.

A full authority digital electronic control system is used to promote efficient
engine operation and reduce the effects of deterioration. The digital system
was designed to manage fuel for the flight propulsion system's two-stage com-
bustor and provide control of variable high-pressure compressor vanes, start
bleeds, intercompressor surge bleeds, and air valves for active clearance con-
trol. The control system regulates hydraulic pressure for stator vanes and
bleed actuators with minimum fuel temperature rise and at minimum system cost
and weight.
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Figure 1 Energy Efficient Engine Flight Propulsion System
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The flight propuision system is a five bearing design with two main support
frames and two main bearing compartments. The fan design features a single
aft-positioned shroud and tip trenches to provide efficiency improvement.
Controlled endwall loss and reduced airfoil less concepts are utilized to raise
efficiency levels in the lowand high-pressure compressors. In addition, the
high-pressure compressor (1) operates at higher rotor speeds relative to the
JT9D-7A high rotor for reduced weight and cost and (2) incorporates an active
clearance control system for improved efficiency. A two-stage combustor is
utitized for low emissions. The high-pressure turbine feutures a single stage
design to provide a significant reduction in initial cost and engine main-
tenance cost. Single crystal alloys are used in the turbine airfoils to reduce
cooling airflow requirements. In addition, the high-pressure turbine incorpe-
rates active clearance control td 1improve component efficiency. The
low-pressure turbine counterrotates relative to the high-pressure turbine.
This component also incorporates active clearance control to increase effi-
ciency. The exhaust mixer is a scalloped eighteen lobe design which provides
for reduced pressure loss, increased efficiency, and lighter weight. Key
nacelle features include (1) an integrated engine-nacelle structure which im-
proves engine performance retention by reducing engine deflections caused by
thrust and cowl duct loadings, (2) composite and honeycomb materials used in
nacelle construction to reduce weight, and (3) incorporation cf internal and
external contouring improvements and advanced sealing techniques for reduced
losses.

Two major changes made from the initial design described in Ref. (1) were (1)
the incorporation of a shrouded blade in place of the shroudless, hollow blade
for the fan component, and (2) downsizing the entire flight propulsion system
approximately twelve percent in order to obtain the maximum technology benefit
for the smaller thrust engines expected to be required in the mid-to-late
1980's. A comparison of the initial and current flight propulsion system de-
sign cross sections is shown in Figure 2.

3.2 Overall Cycle

The flight propulsion system's basic cycle has been maintained throughout the
design process. Aerodynamic design point cycle parameters kept constant are:
a 6.5 fan bypass ratio, a 1.74 duct portion fan pressure ratio, and a 38.6
overall pressure ratio. Performance updating was accomplished using a 'rubber
engine' approach in which the turbine and exhaust nozzle control areas were
varied to hold the design cycle, fan total airflow, and compression system
operating lines. Combustor exit temperature was adjusted to keep the pressure
ratio constant at the exhaust mixing plane resulting in a turbine rotor inlet
temperature of 1223°C (2235°F). Resulting differences between design parame-
ters affecting hardware size for the current flight propulsion system and the
initial design are summarized in Table 1. A comparison of the principal com-
ponent performance levels at the aerodynamic design point is shown in Table 2.
Table 3 summarizes current performance parameters at the significant engine
operating conditions.
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TABLE 1

FLIGHT PROPULSION SYSTEM HARDWARE SIZING PARAMETER COMPARISON
(Aerodynamic Design Point: 10675 m (35,000 ft), 0.8 Mach Number, Standard Day)

Initial Design* Current Design

Fan Shroudless Shrouded
Low Pressure Compressor Base Base
High Pressure Compressor Base Base
High Pressure Turbine

% Alnlet Flow Parameter (W ~T/P) Base -0.7

% Alnlet Speed Parameter (Np/ .T) Base -0.1
Low Pressure Turbine )

% Alnlet Flow Parameter (W JT/P) Base <2.5

% Alnlet 3peed Parameter (Ny/JT) Base Base
Mixer

% A Core Area Base -0.3

% A Duct Area Base -0.1
Exhaust

% A Mixed Area Base -0.1

* Thrusi size of initial eng'ne design was downsized 12 percent.

Differences between the initial and current design component performances are
small, except for (1) the fan efficiency (duct section) deficit associated
with the change to the shrouded fan, (2) the high-pressure turbine efficiency
improvement determined by subsequent testing, and (3) the lower turbine tran-
sition duct pressure loss, also determined by subsequent testing.

3.3 Thrust Size

Shortly after the initial design was completed, the flight propulsion system
was downsized 12 percent in airflow to obtain the maximum technology benefit
for the smaller thrust engines expected to be required in the 133,446 to
222,410 N (30,000-50,000 1b) thrust class in the 1980's. The fan was resized
from a corrected airflow of 707 to 622 kg/sec (1560 to 1373 1b/sec) at the
aerodynamic design point in the process.
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TABLE 2

COMPARISON OF FLIGHT PROPULSION SYSTEM COMPONENT PERFORMANCE LEVELS
(Aerodynamic Design Point: 10675 m (35,000 ft), 0.8 Mach Number, Standard Day)

Initial Decign  Current Design

Fan
~ Pressure Ratio, Duct 1.74 1.74
Pressure Ratio, Core 1.56 1.56
Duct Efficiency (%) 87.3 86.5
Core Efficiency (%) 90.2 90.2
Low Pressure Compressor
~ Pressure Ratio 1.77 1.77
Efficiency 89.9 90.0
High Pressure Compressor
Pressure Ratio 14.0 14.0
Efficiency (%) 88.2 88.3
Combustor
iciency (%) 99.95 99.95
Pressure Loss (%) 5.5 5.5
High Pressure Turbine
Pressure Ratio 4.03 3.99
Efficiency (%) 83.2 89.1

Low Pressure Turbine

Transition Pressure Loss (%) 1.5 0.7
Pressure Ratio 5.60 5.72
tfficiency (%) 91.5 91.6
Exit Vane Pressure Lcss (%) 0.9 0.9

Fan Duct
Pressure Loss (%) 0.6 0.6
Exhaust Mixer
Efficiency (%) 85.0 85.0
Duct Pressure Loss (%) 0.18 0.18
Ccre Pressure Loss (%) 0.24 0.24
Exhaust Nozzle
Pressure Loss (%) 0.34 0.34
Velocity Coefficient (%) 99.6 99.6
* Secondary System
Cooling/(eakage Airflow (%) 16.45 17.2
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TABLE 3
CURRENT FLIGHT PROPULSION SYSTEM PERFORMANCE PARAMETERS

Engine Operating Condition

Aero. Des. Maximum  Maximum
Point Cruise Climb Takeoff

Altitude m (ft) 10668 10668 10668 0
(35000) (35000) (35000)
Mach Number 0.8 0.8 0.8 0
Ambient Temperature °C (°F) -54 -54 -44 28
(-66) (-66) (-48) (+84)
Net Thrust (Uninstalled) Kg (1b) 41612 39744 44304 164,694
(9355) (8935) (9960) (37025)
TSFC Kg/hr/Kg (1b/hr/1b)
(Uninstalled) 0.550 0.548 0.570 0.327
(Installed) 0.576 0.575 0.596 0.330
Overall Pressure Ratio 38,55 37.35 40,25 21.05
Bypass Ratio 6.5] 6.60 6.39 6.83
Fan Pressure Ratio (Duct Section) 1.74 1.7 1.78 1.58
HPT Rotor Inlet Temperature °C 1223 1201 1321 1362
(°F)  (2235) (2195) (2410) (2485)

An uninstalled sea Tevel static takeoff thrust of 164,694 N (37,025 1b) is
predicted for the current flight propulsion system versus 160,935 N (36,180
1b) (downsized) for the initial design. Base engine thrust flexibility in the
class s considered to be equivalent to the initial base size. Table 4
presents the overall installation dimensions for both the initial and current
flight propulsion systems. Length increases have resulted from several
component flowpath revisions, with the high-pressure compressor being the
largest contributor along with exhaust mixer and tailplug changes.

3.4 Ratings

Ratings for the flight propuision system were initially established using
thrust ratios selected to improve maximum climb and maximum cruise thrust rel-
ative to takeoff thrust as compared to the JTID-7A reference engine (see
Peference 2). For subsequent status updates, the initial levels of rated com-
bustor exit temperatures were kept constant for the maximum cruise and takeoff
ratings. The maximum climb rating definition has continued to be based on a
maximum climb-to-maximum cruise thrust ratio of 1.115, As a result, status
rated thrusts have varied with updates in component performance. Table 5
presents a comparison of combustor exit temperatures and thrusts at various
ratings for both the initial and current flight propulsion systems. The only
significant change is a 2.3 percent increase in takeoff thrust relative to the
initial design. This increase in takeoff thrust is a resu:t of matching
changes associated primarily with map revisions made a¢ part of the detailed
design of the fan for the integrated core/low spocl.
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TABLE 4

FLIGHT PROPULSION SYSTEM INSTALLATIUn DIMENSIONS COMPARISOM

Nacelle Maximum Diameter - cm (in)
Fan Tip Diameter - cm (in)

Exhaust Nozzle Diameter - cm (in)
Overall Nacelle Length - cm (in)

Fan Leading Edge-to-Turbine Exit
Flange Length - cm (in)

* Values shown are after thrust size of initial engin. uesign was downsized 12

percent.

Initial Design*

268.7 (105.8)
206.5 (81.3)
i54.6 (60.9)
628.1 (247.3)
302.2 (119.0)

TABLE 5

Current Design

268,7 "105.8)
206.5 (81.3)
154.6 (60.9)
676.9 (266.5)
322.8 (127.7)

FLIGHT PROPULSION SYSTEM PERFORMANCE AT RATINGS COMPARISON

Ratinas

Initial Design*

Current Design

Takeoff (0 ft, 0 Mn, Std + 13.9°C (25°F) Dav)
Tombustor Exit Temperature - 'C (F) 1435 (2615)

Uninstalled Thrust - N (1b)

Maximum Climb (10675 m (35,000 ft),
.8 Mn, Std. + ay
Combustor Exit Temperature - C (°F)

Uninstailed Thrust - N (1b)

Maximum Cruise (10675 m (35,000 ft),

0.8 Mn, Std. Day)
Combustor Ex1t Temperature - °C (°F;
Uninstalled Thrust - N (1b)

* Values shown are after thrust size of initial engine design was downsized 12

percent.

12

160935 (36180)

1387 (2530)
44570 (10020)

1268 (2215)
39967 (8985)

1435 (2615)
164694 (37025)

1393 (2540)
44304 (9960)

1268 (2315)
39744 (8935)
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3.5 System Performance Status Relative To Goals

The evolution of the flight propulsion system design was based on meeting or
exceeding the program goals established by NASA, The degree to which this is
achieved in the final design update is shown in Table 6. Economic years, fuel
prices and fiight propulsion system sizes are indicated and represent the
basis for the parameter values shown. The comparison shows that, with the ex-
ception of emissions of nitrogen oxides, program goals have been met or ex-
ceeded. The engine is slightly heavier and more costly than the reference
JT9n-7A engine but does have a maintenance cost advantage due primarily to a
reduction in the number of parts.

TABLE 6
FLIGHT PROPULSION SYSTEM STATUS RELATIVE TO GOALS

Program Current Design
Goal Evaluation
TSFC Reduction* - % 12.0 15.0

poC Reduction** - %

Domestic Average 5.0 10.2
International Average 5.0 13.1

Noise - EPNdR FAR 36 FAR 36(7978)

(1978) -3 to -5

Emissions ~ EPAP
Total Hydrocarbons 0.4 0.32
Carbon Monoxide 3.0 1.8
Nitrogen Oxides 3.0 4.3

TSFC Deterioration* -% 50 k%

Engine Weight* -% - +1.9

Engine Cost* -% - +4.7

Engine Maintenance Cost* -% - -4.6

Remarks: Full Size, 1977% 88% Size, 1980%

$.40-.45/3.78 1iters $1.50/3.78 1iters

Mote: 3.78 “iters = (.0 US Gallon

* Relative to JTID-7A reference engine scaled to flight propulsion system
airflow size

** Relative to JTSD-7A engine installed in same airplane

*** Not estimated
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SECION 4.0
FLIGHT PROPULSION SYSTEM COMPONENT DESIGN UPDATE

This section of the report describes the major components of the flight pro-
pulsion system in more detail, discusses the predicted performance of each and
identifies changes relative to the initial flight propulsion system design of
Reference 1.

4,1 Fan

The flight propulsion system fan component, as designed, is a high performance,
sinale-stage system featuring a fan rotor with integral disk/hub geometry for
reduced component weight and recessed rub strips in the fan contaimment case
for reduced blade tip leakage. This configuration has a predicted efficiency
of 86.5 percent which translates into approximately 20 percent of the total 15
percent reduction in cruise thrust specific fuel consumption for the flight
propulsion system as compared to the JT9D-7& reference engine. In addition,
the fan component is predicted to meet or surpass goals estabiished for surge
margin, structural integrity and durability.

A shroudless, hollow blade fan component was initially designed for the flight
propuision system. However, results from supporting technology work conducted
under Task 2 of the Energy Efficient Engine program indicated cost effective
fabrication technology readiness extended beyond the time period established
for final design of the flight propulsion system. As a result, the fan program
effort proceeded with design of a more conventional solid fan blade having a
single, aft-positioned shroud. Figure 3 compares cross sections of the initial
and current designs of the fan component. As shown in this figure, the fan
rotor is supported by two main bearings housed in a common bearing support
attached to the compressor intermediate case. The fan overhangs its support
in a cantilevered configuration. The major design parameters for both the
initial and current designs are presented in Table 7. As shown in the table,
there is much similarity between the two designs except for changes to the
blade type, number of blades and the number of duct exit vanes and struts.

INITIAL

CURRENT

Figure 3 F1ight Propulsion System Initial and Current
Fan Section Comparison
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TABLE 7

FLIGHT PROPULSION SYSTEM FAN SECTION DESIGN COMPARISON
(Aerodynamic Design Point: 10675 m (35,000 ft), 0.8 Mn, Standard Day)

Initial Current
Design* Design
Number of stages 1 1
Pressure ratio (duct) 1.74 1.74
Corrected airflow, kg/sec (1b/sec) 622 (1373) 622 (1373)
Bypass ratio 6.51 6.51
Surge Margin (percent) 15 15
Corrected tip speed, m/sec (ft/sec) 457 (1500) 455 (1496)
Inlet specific airflow, 1b/sec/sq ft 43 43
Inlet hub/tip radius ratic 0.34 0.34
Blade aspect ratio (avg length/root chord) 2.5 4.0
Number of shrouds per blade 0 1
Number of blades 24 36
Number of duct exit vanes and struts 33 29

* Values shown are after thrust size of initial engine design wus downsized

12 percent.

The initial fan component was redesigned with minimal modification so that the
shorter chord shrouded fan blade for the flight propulsion system is iocated
at the desired distance upstream of the low-pressure compressor inlet vane.
The shrouded fan blade flowpath diagram is presented in Figure 4.
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The shrouded fan blade design is similar to current high bypass ratio blade
designs (Reference 3). The shrouded fan blade rotor consists of 36 titanium
fan blades with each blade having an aft part span shroud to provide the ne-
cessary stability and durability requirements. The radial pressure ratio dis-
tribution was modified from that of the shroudless-bladed fan to compensate
for the additional aerodynamic loss caused by the part span shroud. Design
contoured airfoil sections were incorporated in the duct portion of the blade
span while the core portion of the blade span contains conventional multiple
circular arc afrfoil sections. The blade root slope was increased to tlend
into the existing low-pressure compressor configuration. Optimization of the
Elending required a minor recontouring of the compressor inlet guide vane. 1In
addition, the number of duct exit guide vanes was reduced to maintain compati-
bility with the first stage of the high-pressure compressor during component
redesign to a lower hub/tip radius ratio. The aft part-span shroud on the fan
blade was designed in accordance with conventional shroud design criteria.
Based on test results with this type of shroud, a 65 degree shroud angle was
incorporated. Subsequent vibration analysis showed blade resonant and flutter
desigr criteria were met in all areas.

Because of the greater flowpath convergence at the tip of the shrouded blzde
to accomplish the desired area ratio and loading level, the fan containment
design incorporates a honeycomb ring between the fan case and the Keviar® to
provide a cylindrical surface for the Kevliar® wrap. Case thickness was set
by containment criteria. Blade passing resonance was not a factor in the case
design for the shrouded fan.

The fan stubshaft, hub, and nose cone for the flight propulsion system were
redesigned for the shrouded fan. Stubshaft thickness was established by the
design requirements of the rotor for the shrouded fan blade, with blade loss
setting flange thickness. The hub and the nose cone assembly, including the
h1age retention feature, were redesigned using flight propulsion system cri-
teria.

Predicted Performance

An assessment was conducted to establish performance estimates for the shrouded
fan component. The adiabatic efficiency prediction for the duct section is
shown in Table 8. Current efficiency exceeds the 86.3 percent goal level es-
tablished for the shrouded fan, which inciudes a 1.0 percent penalty for the
addition of the shroud. The efficiency predicted for the fan with the current
state-of -the-art design system is 85.2 percent. A 1.1 percent improvement in
predicted efficiency was made possible by incorporation of several advanced
technology features, including quasi three-dimensional design and design-
contoured blades, controlled diffusion vanes, and rotor tip trenching.
Mechanical design results showed a capability to achieve a 0.139 cm (0.055 in)
rotor tip clearance for the flight propulsion system fan compared to a goal
clearance of 0.205 cm (0.081 in). This 0.066 cm (0.026 in) tip clearance im-
provement was estimated to increase duct section efficiency an additional 0,2
percent.

16
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TABLE 8

CURRENT FLIGHT PROPULSION SYSTEM FAN (DU”T) ADIABATIC EFFICIENCY PREDiCTION
(Aercdynamic Design Point: 10,675 m (3! ,00C ft), 0.8 Mn, Standard Day)

Percent
State-of-Art Design System (Goal Clearance) 85.2
Rotor Tip Trench +0.2
Specially Contoured Blades +0.7
Specially Contoured Exit Vanes +0.2
Reduced Tip Clearance +0.2
Predicted Efficiency (Status Clearance) 86.5
Goal Efficiency (Goal Clearance) 86.3

On a preliminary basis, the assessment indicated no difference in the predicted
efficiency (90.2 percent) of the core section of the fan relative to the
shroudless configuration. Fan rotor and duct exit vane/strut performance maps
were updated at the completion of the detailed aerodynamic design.

Current fan aerodynamic design parameters and maps were incorporated into the
flight propulsion system performance simulation. Updated performance was de-
fined at the aerodynamic design point and at key off-design operating ~oints.
A comparison is presented in Table 9 of the updated performance results for
the fan section to performance predicted for the initial shroudless fan
design. Current and initial design fan performance is similar except for fan
duct section efficiency which 1is different because of shroudless versus
shrouded blade configuration effects.

4.2 Low-Pressure Compresso»

The flight propulsion system low-pressure compressor component, as designed,
is an efficient four-stage system featuring fixed inlet guide vanes, a drum
rotor assembly supported directly to the fan disk rim, controlled diffusion
airfeils for low loss incidence, abradable rub-stripped trenches for reduced
tip leakage, mini-cavities to reduce endwall losses, and a full-annular modu-
lated bleed system designed to avoid compressor surge. This configuration ex-
ceeds the design goal with a predicted adiabatic efficiency of 90.0 percent.
The low-pressure compressor component is predicted to meet or surpass goals
established for structural integrity and durability.

Figure 5 compares cross sections of the initial and current designs for the
flight propulsion system low-pressure compressor component. As shown in this
figure, the current design reflects little change from the initial design
except in the rotor hub configuration where the single-hub rotor support con-
figuration was deleted in favor of attaching the rotor directly to the fan
disk rim. The major parameters governing the aerodynamic design of the low-
pressure compressor component for both the initial and current designs are
presented in Table 10,

17
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Pressure Ratio
Duct Sectior
Core Section

Bypass Ratio

Efficiency - %

Duct Section - Adiabatic
- Polytropic
Core Section - Adiabatic
- Polytropic

Corrected Airflow - kg/sec
Total
Duct Section
Core Section

Inlet Specific Airflow -
kg(1b)/sec/.093 sq.m

Corrected Tip Speed -
m/sec {ft/sec)

Rotor Speed - rev/min
Exit Temperature - °C

Duct Section
Core Section

Initial

Design® Design_

1.74
1.56

22
N

AERO DESIGN POINT(1)

Current

1.74
1.56

6.51

86.5
87.3
90.2
90.7

622
239
82.9

19.¢
(43.0)

138
(455)

3902

22
1

Design and Off-Design Operating Conditions:

TAGLE 9
FLIGHT PROPULSION SYSTEM FAN PERFORMANCE PARAMETER COMPARISON

) Aerodynamic Design Point - 10675 m (35,000 ft), 0.8 Mn, Standard Day

) Maximum Cruise - 10675 m (35,000 ft), 0.8 Mn, Standard Day

(1
(2
}3) Maximum Climb - 10675 m (35,000 ft), 0.8 Mn, Standard Day + 10°C (18°F)
4

) Takeoff - SLTO, O Mn, Standard Day + 13.9°C (25°F)

* Values shown are after thrust size of initial engine design was downsized 12 percent.

18

MAXIMUM CRUISE(2) MAXIMUM CLIMB(3) TAKEQOFF (4)
Initial Current Initial Current Initial Current
Design* Design Design* Design Design* Design
1.71 1.7 1.79 1.78 1.57 1.58
1.55 1.54 1.59 1.58 1.44 1.45
6.59 6.60 6.38 6.39 7.02 6.83
87.3 86.7 87.1 85.9 88.2 86.9
88.1 87.5 88.0 86.8 88.8 87.5
90.4 90.4 90.1 90.1 91.4 91.4
90,9 90.9 90.6 90.6 91.7 91.7
€15 615 633 632 544 550
534 533 547 546 476 480
81 80.8 85.8 85.5 67.9 70
19.2 19.2 19.8 19.8 17.0 17.2
(42.5) (42.5) (43.8) (43.7) (37.6) (38.0)
137 136 145 144 137 138
(¢.., (449) (477) (474) (452) (456)
3852 3846 4073 4065 3865 3905
20 21 38 38 75 77
10 10 25 25 65 66
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TABLE 10

FLIGHT PROPULSION SYSTEM LOW-PRESSURE COMPRESSOR SECTION DESIGN COMPARISON
(Aerodynamic Design Point: 10675 m (35,000 ft), 0.8 Mn, Standard Day)

Initial Current
Design* Design
Number of Stages 4 4
Pressure Ratio 1.77 1.77
Corrected Inlet Airflow - kg(ib)/sec 56.9 (125.6) 56.9 (125.6)
Surge Margin ~ % 20 18
Corrected Inlet Tip Speed - m(ft)/sec 242 (797) 242 (797)
Inlet Specific Airflow - kg(1b)/sec/.093 sq.m 16.1 (35.6) 16.1 (35.6)
Hub/Tip Radius Ratio
Inlet 0.82 0.83
Exit 0.84 0.81
Average Airfoil Aspect Ratio 2.40 2.24
Average Gap/Chord Ratio 0.9 0.84
Average Axial Velocity-to-Wheel Speed Ratio 0.7 0.72
Number of Airfoils 779 820

* Values shown are after thrust size of initial engine design was downsized 12
percent.

The Energy Efficient Engine low-pressure compressor design for the flight pro-
pulsion system is based largely on the technology inherent in current Pratt &
Whitney commercial engines. Aerodynamic design for the flight propulsion
system component evolved from the detail design effort undertaken for the in-
tegrated core/low spool low-pressure compressor (see Reference 4). The mech-
anical design features of the flight propulsion system low-pressure compressor
were retained in the integrated core/low spool but its compressor was not op-
timized for flight weight.

Low-pressure compressor flowpath dimensions were based on final detail design
specifications for the flight propulsion system fan component and compressor
intermediate case. Area distribution was established to give a smooth axial
loading distribution and flowpath. Final airfoil aspect ratio and solidity
(gap/chord ratio) distributions through the low-pressure compressor were set
to minimize two-dimensional losses while balancing the loading and achieving
the desired surge margin. The critical surge margin requirement was determined
to be at part speed. Consequently, loadings were balanced accordingly and re-
sulted in a surge margin of 18 percent at the aerodynamic design point. Con-
trolled diffusion airfoils are used throughout to minimize losses.

The titanium drum rotor assembly concept of the initial design was retained.
However, the single hub connecting the rotor assembly to the rotor shaft at
the joint forward of the No. 1 bearing in the initial design and the integrated
core/low spool design was eliminated in favor of tying the drum directly to
the rim of the fan disk. The drum rotor was sized based on preliminary
analyses of stress levels and deflections. Resulting stresses and lives met
flight propulsion system design requirements. Subsequent structural analysis
indicated that critical speed met the design criteria.
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A flight-weight case for the flight propulsion system was defined that very
closely resembled the initial design. Stresses in the case were found to be
acceptable.

The low-pressure compressor exit surge bleed was moved from its initial design
location aft of the fifth stator to forward of the fifth stator in the current
design in order to improve performance of the bleed system. The bleed annulus
at the outer wall of the core flowpath is specially contoured to minimize cap-
ture and turning losses. In the current design, turning vanes are used to

direct the bleed discharge into the fan duct at the proper incidence angle for
the exit guide vanes.

Predicted Performance

An assessment was conducted to define performance predictions for the current
design of the low-pressure compressor. As shown in Table 11, the efficiency
predicted for the current state-of-the-art low-pressure compressor design base
is 89.7 percent. With incorporation of advanced technology applications, the
adiabatic efficiency prediction exceeds the 89.9 percent goal level established
for the Tow-pressure compressor at completion of the initial design.

TABLE 11

CURRENT FLIGHT PROPULSION SYSTEM LOW-PRESSURE COMPRESSOR
ADIABATIC EFFICIENCY PREDICTION
(Aerodynamic Design Point: 10675 m (35000 ft), 0.8 MN, Standard Day)

Percent
State-of-the Art Design Base (Goal Clearance) 89.7
Re.or Tip 'trenches +0.2
Reduced Tip Clearance +0.1
Predicted Efficiency (Status Clearance) 90.0
Goal Efficiency (Goal Clearance) 89.9

Benefits derived from specially contoured airfoil leading edges and im: . oved
cavity design are included in the current system estimate. An additionsl 0.¢
percent increase is attributed to rotor tip trenching. Mechanical design
results showed the capability to achieve a 0.0495 cm (0.0195 in) average rotor
tip clearance for the low-pressure compressor of the flight propulsion system
compared to a goal clearance of 0.0533 cm (0.0210 in). This 0.0038 cm (0.0015
in) tip clearance improvement was estimated to increase efficiency an addi-
tional 0.1 percent. The low-pressure compressor map was reviewed and updated
at the completion of the detailed aerodynamic design.
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The current low-pressure compressor aerodynamic design parameters and map were
incorporated into the flight propulsion system performance simulation. Updated
performance was defined at the aerodynamic design point and at key off-design
operating points. Table 12 compares these resu?ts to the performance for the
initial design. Current and initial design low-pressure compressor performance
is generally similar at each operating point. Differences in airflow, speed,
and efficiency (especially at the takeoff point) are attributable to map and
off-design matching revisions made since the initial design. However, pressure
ratio and exit temperature are unaffected by these differences.

TABLE 12
LOW-PRESSURE COMPRESSOR PERFORMANCE PARAMETER COMPARISON

AERO DESIGN POINT(1) MAXIMUM CRUISE(2) MAXIMUM CLIMB{3) TAKEOFF (4)
Initial Current Initial Current Initial Current Initial Current
Design* Design Design* Design Design* Design Design* Design
Pressure Ratio 1,77 1.77 1.78 1.75 1.80 1.79 1.64 1.64
Efficiency - %
Adiabatic 89.9 90.0 90.0 90.4 89.5 89.3 90.7 92.2
Polytrophic 90.6 90,7 90.7 91.1 90.3 90.1 91.3 92.6
Corrected Inlet Airflow - 56.9 56.9 §6.1 56 58.1 58 49,8 51
(kg/sec)
Inlet Specific Airflow - 6.1 16.1 15.9 15.8 16.5 16.4 14.) 14.5
(kg(1b)/sec/.093 s